1. Introduction {#sec1-molecules-23-00534}
===============

*Calycophyllum spruceanum* (Benth.) Hook. f. ex K. Schum. (syn. *Calycophyllum multiflorum* and *Eukylista spruceana*) is an Amazon native species from the family Rubiaceae found in the Amazon basin territory comprising Brazil, Bolivia, Ecuador, and Peru \[[@B1-molecules-23-00534]\]. The tree is popularly known in Brazil by the name Mulateiro or Pau Mulato and its timber is intensively explored by the wood industry \[[@B2-molecules-23-00534],[@B3-molecules-23-00534],[@B4-molecules-23-00534]\]. In traditional medicine, it is claimed to work as anti-aging (skin wrinkles and aging spots), antimicrobial (antibacterial, antifungal, anti-parasitic), emollient, wound healing, hemostatic, contraceptive, stimulant, and anti-diabetic \[[@B1-molecules-23-00534],[@B5-molecules-23-00534],[@B6-molecules-23-00534]\]. Many of the medicinal indications of *C. spruceanum* are derived from the traditional knowledge of native indigenous populations of the Amazon forests \[[@B7-molecules-23-00534],[@B8-molecules-23-00534]\].

The stem bark of *C. spruceanum* is the part of \[[@B1-molecules-23-00534]\] the tree most commonly used in medicinal preparations. Amazonian indigenous people prepare a stem bark infusion to treat skin infections and aging; after bathing, they apply the infusion all over the body and allow it to dry. Ese Ejja, indigenous people from the Bolivian and Peruvian part of Amazon, apply poultices or compresses of stem barks to treat skin wounds \[[@B7-molecules-23-00534]\]. The Peruvian Shipibo-Conibo tribe uses the bark against fungal skin infections \[[@B8-molecules-23-00534]\]. Because of its broad use in the treatment of skin disorders and its characteristic annual stem bark shedding, the tree is commonly referred as "the tree of youth".

So far, only one study has addressed the chemical composition of *C. spruceanum* bark. Zuleta et al. \[[@B9-molecules-23-00534]\] focused on the *seco*-iridoid fraction of an ethanol extract of dried stem barks and reported three new *seco*-iridoids, namely, 7-methoxydiderroside, 6′-*O*-acetyldiderroside, and 8-*O*-tigloyldiderroside, together with loganetin, loganin, kingiside, secoxyloganin, and diderroside. Using Folin-Ciocalteu assay, Vargas et al. \[[@B10-molecules-23-00534]\] determined the total phenolic content of an ethanol extract of stem barks as 60.2 GAE/g of sample.

Only few reports exist on the biological activities of *C. spruceanum*. Portillo et al. \[[@B11-molecules-23-00534]\] reported a broad-spectrum antifungal activity of a dichloromethane extract from the bark against *Candida cladosporioides, Cryptococcus neoformans, Fusarium oxysporum* var. *pinaster, Microsporum gypseum, Penicillium purpurogenum, Saccharomyces cerevisiae,* and *Trichophyton mentagrophytes*, fungi associated with skin and mucosal infections. Wen et al. \[[@B8-molecules-23-00534]\] studied the activity of an ethanolic bark extract against *T. mentagrophytes*, one of the most common etiologic agents of *tinea unguium* and *tinea pedis* \[[@B12-molecules-23-00534]\].

Anti-parasitic activity against trypomastigote forms of *Trypanosoma cruzi* was reported by Zuleta et al. \[[@B9-molecules-23-00534]\] for compounds that were isolated from an ethanol extract of barks, namely 7-methoxydiderroside, 6′-*O*-acetyldiderroside, secoxyloganin, and diderroside. Antioxidant activity was demonstrated through several methods (DPPH, ABTS, superoxide anion radicals, singlet oxygen, β-carotene bleaching, and murine fibroblasts). In addition, the extract was shown to inhibit horseradish peroxidase and myeloperoxidase, key enzymes involved in the acute and chronic vascular inflammatory disease \[[@B10-molecules-23-00534]\].

Based on the well-documented and orally spread indigenous knowledge, mulateiro was incorporated in the modern herbal medicine of Brazil. Dried barks can be easily found in local traders of medicinal plants and the cosmetic industry has shown interest on the beneficial effects of *C. spruceanum* against skin disorders \[[@B13-molecules-23-00534]\]. As *C. spruceanum* stem bark sheds completely and regenerates every year, it has a high potential for a sustainable industrial exploitation.

In the current study, a water extract from the stem bark of *Calycophyllum spruceanum* was investigated regarding its antioxidant and anti-aging properties using the nematode *Caenorhabditis elegans*, a model organism often used in this context \[[@B14-molecules-23-00534],[@B15-molecules-23-00534],[@B16-molecules-23-00534]\]. The investigation included the use of several mutant worm strains and uncovered important traits that are related to the molecular mechanisms triggered by the extract to perform its biological activities, which comprise enhanced resistance against oxidative stress and lifespan extension, followed by attenuation of aging markers. Additionally, we investigated the antimicrobial activity of the bark extract.

2. Material and Methods {#sec2-molecules-23-00534}
=======================

2.1. Plant Material and Extract {#sec2dot1-molecules-23-00534}
-------------------------------

*C. spruceanum* extract (CE) was obtained from 200 g stem bark purchased from a local trader in Manaus-AM (Brazil). The barks were weighted, minced, and exhaustively extracted with distilled water (5 × 1 L) at room temperature during an overall extraction period of five days. Using a rotary evaporator (Heidolph Instruments GmbH & Co. KG, Schwabach, Germany), the extract was reduced until approximately 1/4 of the initial volume at low pressure, 40 °C, and subsequently frozen at −80 °C. The frozen extract was lyophilized yielding a fine dried powder.

The plant material used in this study is deposited at the herbarium collection of IPMB (Institut für Pharmazie und Molekulare Biotechnologie, Heidelberg, Germany) under the accession number IPMB P8635.

2.2. DPPH {#sec2dot2-molecules-23-00534}
---------

The assay was done following the method described by Blois \[[@B17-molecules-23-00534]\] adapted to a 96-wells microplate (Greiner Bio-One GmbH, Frickenhausen, Germany). For the assay 100 μL of sample were added to 100 μL of 200 µM DPPH solution. For 30 min the plate was kept at room temperature and protected from the light; subsequently, the absorbance as measured at 517 nm. To calculate the scavenging activity, it was used the equation indicated below: where, A0 = absorbance of the control and A1 = absorbance in the presence of sample. All of the measurements were performed in triplicate. The EC~50~ value was estimated by sigmoid non-linear regression and is presented in µg/mL.

2.3. Total Phenolic Content {#sec2dot3-molecules-23-00534}
---------------------------

The total phenolic content of the extract was done following Folin-Ciocalteu method adapted to 96-well microplate. 20 µL of sample were added to 100 µL of Folin-Ciocalteu reagent; 5 min later, 80 µL of sodium carbonate (7.5% solution) were added to each well. For 2 h, the plate was kept at room temperature and protected from the light; subsequently, the absorbance as measured at 750 nm. All of the measurements were carried out in triplicate and at least three times. The phenolic content is expressed as gallic acid equivalents (GAE/g of sample).

2.4. Chemical Characterization {#sec2dot4-molecules-23-00534}
------------------------------

HPLC analyses were performed using Accela liquid chromatography system (Thermo, Waltham, MA, USA) equipped with a binary pump system (Accela 600) and a luna-C18 column (150 mm × 4.6 mm i.d., 5 μm particle size) (Phenomenex, Torrance, CA, USA). Solvent A was water and B was acetonitrile. The gradient elution at 28 °C was as follows: 0--24 min, 20--100% (*v*/*v*) B; and, 100% B isocratic; 24--40 min. For this analytical method, the flow rate was 1.0 mL/min and the sample volume injected was 25 μL (sample extract at 0.5 mg/mL). The HPLC system was coupled to a mass spectrometer (MS): TSQ Quantum Access triple quadrupole (Thermo, Waltham, MA, USA) using electrospray ionization (ESI), operating in the positive mode. The data were acquired in scan mode at *m*/*z* range of 100 to 1200. The ionization source working conditions were as follows: Capillary voltage, 4.5 kV; Source temperature, 250 °C; Cone gas flow rate, 70 L/h; Desolvation gas flow rate, 600 L/h; and desolvation temperature, 350 °C. Nitrogen (\>99% purity) and argon (99% purity) were used as nebulizing and collision (product ion scan, MS/MS) gases, respectively. Data acquisition was carried out with Xcalibur v 2.7 software (Thermo, Waltham, MA, USA).

2.5. C. elegans Strains and Maintenance {#sec2dot5-molecules-23-00534}
---------------------------------------

The nematodes (N2 (wt)), CF1038 (daf-16(mu86)), GR1307 (daf-16(mgDf50)), CF1553 (muIs84 \[(pAD76) sod-3p::GFP + rol-6\]), TJ375 (gpIs1\[hsp-16-2::GFP\]), and BA17 (fem-1(hc17) IV)) were cultivated on nematode growth media (NGM) plates inoculated with living *E. coli* OP50 as a food source and incubated at 20 °C, except when referred. Age synchronized worms were obtained by treating gravid adults with a lysis solution (5 M NaOH and 5% NaOCl) for 5 min. The lysate was pelleted by centrifugation (1200 rpm, 1 min) and the eggs were separated from the debris by density gradient centrifugation: 5 mL sucrose solution (60%) and 5 mL sterile water (4 min, 1200 rmp). To wash out the sucrose, the upper layer containing the eggs was transferred to a fresh tube added of 5 mL sterile water and centrifuged (1 min, 1200 rpm). The collected eggs were allowed to hatch in M9 buffer \[[@B18-molecules-23-00534]\].

The *C. elegans* strains and *E. coli* OP50 used in the present work were purchased from the Caenorhabditis Genetics Center (CGC), University of Minnesota, Minneapolis, MN, USA.

2.6. Survival Assay under Oxidative Stress {#sec2dot6-molecules-23-00534}
------------------------------------------

Age synchronized worms (N2, CF1038 and GR1307) grown in S-medium were separated into groups of 75 worms at L1 larval stage and treated with CE for 48 h, except for the control. Subsequently, the groups were exposed to 80 µM of the pro-oxidant naphthoquinone juglone (Sigma-Aldrich GmbH, Steinheim, Germany) and 24 h later the number of dead and live worms was scored. The worms were considered dead when they did not respond to gentle touch with a platinum wire. The result is presented as mean survival rate and compared by one-way ANOVA followed by Bonferroni correction.

2.7. Intracellular ROS Accumulation {#sec2dot7-molecules-23-00534}
-----------------------------------

Age synchronized N2 worms (L1 stage, grown in S-medium) were sorted into groups and were treated with CE for 48 h, except the control group. Afterwards, the worms were washed with M9 buffer and incubated for 1 h at 20 °C with 50 µM CM-H2DCFDA (Fluka Chemie GmbH, Buchs, Switzerland), an indicator of ROS. Washed again with M9 and mounted on a glass slide with a drop of 10 mM sodium azide for paralysis. Live images were captured of at least 30 worms per group, using a fluorescence microscope (λex 480/20 nm; λem 510/38 nm) (BIOREVO BZ-9000, Keyence Deutschland GmbH, Neu-Isenburg, Germany). The relative fluorescence of the whole body was determined densitometrically using Image J version 1.48 (National Institute of Health, Bethesda, MD, USA). The result is presented as mean fluorescence intensity (mean ± SEM) and compared by one-way ANOVA followed by Bonferroni correction.

2.8. Quantification of Sod-3::GFP and Hsp-16::GFP Expression {#sec2dot8-molecules-23-00534}
------------------------------------------------------------

Age synchronized worms (CF1553, L1 stage, grown in S media) carrying a GFP reporter fused with *sod*-3 were treated with CE for 48 h, except the control group and submitted to fluorescence microscopy, as described above. The relative fluorescence of the posterior intestine was determined densitometrically using Image J. The results are presented as mean fluorescence intensity (mean ± SEM) and compared by one-way ANOVA followed by Bonferroni correction.

Age synchronized worms (TJ375, L4 stage, grown in S-medium) carrying a GFP reporter fused with *hsp*-16.2 were sorted into populations and treated with CE for 48 h, except for the control group. Subsequently, 20 µM juglone was added to the medium and 24 h later the worms were submitted to fluorescence microscopy. The relative fluorescence of the head of the worms was determined densitometrically using Image J. The results are presented as mean fluorescence intensity (mean ± SEM) and compared by one-way ANOVA followed by Bonferroni correction.

2.9. Longevity Assay {#sec2dot9-molecules-23-00534}
--------------------

Age synchronized worms (BA17, grown in S-medium, 25 °C, at day 1 of adulthood) were sorted and treated with CE, except the control group. Live worms were counted and transferred every second day to fresh medium supplemented according to their treatment group. The individuals exhibiting internally hatched progeny or extruded gonads were scored as censored worms and excluded from the assay. Dead worms, those that did not respond to a gentle touch with the platinum wire, were scored and removed from the assay. The results are presented as percentage of survival and the statistical significance was determined by Log-rank (Mantel-Cox) tests, followed by Gehan-Breslow-Wilcoxon Test.

2.10. Pharyngeal Pumping Rate {#sec2dot10-molecules-23-00534}
-----------------------------

Age synchronized worms (N2, day 1 of adulthood, grown in S-medium) were sorted and placed on NGM agar plates seeded with *E. coli* OP50. The bacterial lawn was supplemented with CE in the treated groups. The adults were daily transferred to separate them from their progeny; after day 5 of adulthood the transfer started to be done on the day before the analyses of the pumping activity, which were taken on day 5 and 10 of adulthood. To score the pumping rate each worm was observed for 1 min when crawling on the bacterial lawn using a stereoscope. Each group contained a minimum of 10 worms. The results are presented as pumps/min (mean ± SEM) and compared by two-way ANOVA followed by Bonferroni (post-hoc).

2.11. Body Length and Brood Size {#sec2dot11-molecules-23-00534}
--------------------------------

The body length was measured at day 1 of adulthood. N2 (wt) were treated with CE at L3/L4 larval stage and live images were captured in bright field microscopy from at least 30 worms using a 10× objective lens. The results are presented as body length in µm (mean ± SEM) and compared by one-way ANOVA followed by Bonferroni (post-hoc).

To measure the brood size, age synchronized worms (N2, L4 stage, grown in S-medium) were sorted and placed individually on NGM agar plates seeded with *E. coli* OP50. From day 1 of adulthood, the adults started to be transferred daily to fresh plates, in order to allow for the counting of eggs and their separation from the progeny. The procedure was repeated for five days. The mean brood size was compared by two-way ANOVA followed by Bonferroni (post-hoc). The bacterial lawn was supplemented with CE in the treated groups.

2.12. Carbonyl Content {#sec2dot12-molecules-23-00534}
----------------------

Age synchronized N2 (wild type) worms, cultured at 20 °C in S-medium inoculated with living *E. coli* OP50, were separated at day 1 of adulthood into groups and treated with CE, except the control group. At day 5 of adulthood, the worms were lysed with RIPA buffer containing DNase I (1.5 µL) to obtain a crude protein extract. The protein concentration of the crude extract was measured by BCA assay and adjusted to 0.5 mg/mL. The carbonyl content was assessed through DNPH assay, following the instruction of the manufacturer (Sigma-Aldrich GmbH, St. Louis, MO, USA).

2.13. Antimicrobial Activity {#sec2dot13-molecules-23-00534}
----------------------------

Susceptibility of the Gram-negative bacteria *Escherichia coli* strain OP50 was assessed by means of well diffusion test, according to CLSI (2014) with minor modifications \[[@B19-molecules-23-00534]\]. Briefly, bacteria were grown on Müller-Hinton agar (MHA). A cell suspension was adjusted to 0.5 McFarland standard. Bacteria was evenly spread on MHA. Wells with 6 mm in diameter were punched out and loaded with 70 µL of 10 mg/mL sample dissolved in sterile water. Ampicillin and Ciprofloxacin (256 µg/mL) were used as positive controls. Diameters of the zones of inhibition (ZI) were read after incubation at 35 °C for 24 h. The test was repeated three times. All of the microorganisms were provided by the Department of Infectious Diseases, Medical Microbiology and Hygiene, Heidelberg University, Heidelberg, Germany.

2.14. Statistical Analyses {#sec2dot14-molecules-23-00534}
--------------------------

The statistical analyses were done using the software Graphpad Prism for Windows, Version 6.01 (GraphPad Software, La Jolla, CA, USA). The results were compared by one-way ANOVA followed by Bonferroni's correction (post hoc) or two-way ANOVA when appropriate. All of the assays were repeated at least three times.

3. Results {#sec3-molecules-23-00534}
==========

3.1. Antioxidant Activity In Vitro and Total Phenolic Content {#sec3dot1-molecules-23-00534}
-------------------------------------------------------------

Anti-radical activity of CE was assessed through determination of its capacity to scavenge free DPPH radicals. Our results demonstrated a powerful antioxidant capacity of CE, comparable to that of standard antioxidants like vitamin C and the polyphenol Epigallocatechin gallate (EGCG). The corresponding IC~50~ values are shown in [Table 1](#molecules-23-00534-t001){ref-type="table"}. The obtained result correlates with the high phenolic content revealed by Folin-Ciocalteu method (1120 GAE/g extract).

3.2. Chemical Characterization {#sec3dot2-molecules-23-00534}
------------------------------

The water extract was phytochemically characterized by HPLC MS/MS using Electrospray Ionization (ESI). Five compounds could be identified among the seven major peaks that were observed in the HPLC profile of CE extract ([Figure 1](#molecules-23-00534-f001){ref-type="fig"}).

When comparing the retention time and mass spectral data of the selected peaks with data available in literature it was possible to identify them as gardenoside, 5-hydroxymorin, cyanidin, taxifolin, and 5-hydroxy-6-methoxycoumarin-7-glucoside. The peaks 1 and 4 could not be identified by this approach ([Table 2](#molecules-23-00534-t002){ref-type="table"}).

3.3. In Vivo Antioxidant Activity {#sec3dot3-molecules-23-00534}
---------------------------------

In vivo antioxidant activity was assessed comparing the survival rate of treated and untreated N2 (wt) worms after juglone-induced oxidative stress. The results indicate a significantly higher survival rate among CE treated worms when compared with untreated worms. The highest tested concentration, 200 µg/mL CE, resulted in 77% of live individuals after juglone treatment while in the control group this score was up to 37% (adjusted *p*-value = 0.0002). However, the survival rate of CE treated and untreated worms from the mutant strains CF1038 (\[*daf*-16(mu86)I\]) and GR1307 (\[*daf*-16(mgDf50)\] was not significantly different, indicating the involvement of the transcription factor DAF-16 ([Figure 2](#molecules-23-00534-f002){ref-type="fig"}).

3.4. Quantification of Intracellular ROS Accumulation {#sec3dot4-molecules-23-00534}
-----------------------------------------------------

The intracellular ROS accumulation under physiological conditions was assessed in N2 (wt) worms. The results indicated a significant decrease in ROS accumulation among CE treated worms compared with the untreated control group. The decrease was up to 80% when the worms were treated with 200 µg/mL CE (adjusted *p*-value \< 0.0001) ([Figure 3](#molecules-23-00534-f003){ref-type="fig"}).

3.5. Quantification of Gene Expression of Sod-3 and Hsp-16.2 {#sec3dot5-molecules-23-00534}
------------------------------------------------------------

The expression of *sod*-3 was assessed using mutant worms of the strain CF1553, which has *sod*-3 fused with GFP reporter. By analyses of the emitted fluorescence intensity no significant difference in *sod*-3::GFP expression was observed among CE treated worms when compared with the untreated control ([Figure 4](#molecules-23-00534-f004){ref-type="fig"}a).

The expression of the stress marker *hsp*-16.2 was investigated using the mutant strain TJ375 that has *hsp*-16.2 fused with GFP. After mild oxidative stress induced by 20 µM juglone, we observed a significantly lower fluorescence intensity among CE treated worms when compared with untreated control worms. The decrease was up to 63% at 200 µg/mL CE (adjusted *p*-value \< 0.0001) ([Figure 4](#molecules-23-00534-f004){ref-type="fig"}b).

3.6. Longevity Study {#sec3dot6-molecules-23-00534}
--------------------

Worms treated with 300 µg/mL CE exhibited a lifespan extension of approximately 16% when compared with the untreated control worms (BA17 \[fem-1(hc17)\]) cultured under the same conditions (*p*-value \< 0.0001). However, when tested in worms from the strain CF1038, which carry a *daf*-16.2 null mutation, the lifespan extension effect was not observed ([Figure 5](#molecules-23-00534-f005){ref-type="fig"}).

3.7. Pharyngeal Pumping Rate {#sec3dot7-molecules-23-00534}
----------------------------

The pumping activity was scored in CE treated and untreated N2 (wt) worms at day 5 and 10 of adulthood. The results obtained indicate that CE is able to significantly attenuate the decline in pharynx muscle function, which accompanies the aging process. The pumping activity of the pharynx scored in CE treated group at the last day of assessment was 58% higher than the untreated control group (*p*-value \< 0.01) ([Figure 6](#molecules-23-00534-f006){ref-type="fig"}).

3.8. Brood Size and Body Length {#sec3dot8-molecules-23-00534}
-------------------------------

CE treatment affected the fertility rate of N2 (wt) worms; analyses of the brood size revealed a significantly lower mean number of eggs laid per day among worms treated with 300 µg/mL CE when compared with the untreated control group. The body length, a marker of development and caloric restriction, did not change after CE treatment ([Figure 7](#molecules-23-00534-f007){ref-type="fig"}).

3.9. Protein Carbonyl Content {#sec3dot9-molecules-23-00534}
-----------------------------

Worms N2 (wt) treated with 300 µg/mL CE exhibited a significantly lower level of protein oxidation (untreated worms: 29.48 nmol carbonyl/mg of protein; CE treated worms: 11.43 nmol carbonyl/mg of protein). The protein carbonyl content, assessed through DNPH assay, was up to 40% lower when compared with the untreated control group (*p*-value = 0.01).

3.10. Antimicrobial Activity {#sec3dot10-molecules-23-00534}
----------------------------

CE was tested against *E. coli* OP50 and no microbicide effect was observed, this result excludes caloric restriction as the promoter of lifespan extension observed in CE treated groups.

4. Discussion {#sec4-molecules-23-00534}
=============

Previous studies on the phytochemical composition of the stem bark of *C. spruceanum* revealed the presence of iridoid glucosides \[[@B9-molecules-23-00534]\]. In the current study, the iridoid gardenoside, the flavonoids 5-hydroxymorin and taxifolin, the anthocyanin cyanidin and the coumarin 5-hydroxy-6-methoxycoumarin-glucoside were identified. The polyphenols identified correlate with the high phenolic content indicated by Folin-Ciocalteu and the high antioxidant activity demonstrated in vitro by DPPH assay.

When considering the well-known activity of phenolic compounds in conferring stress resistance \[[@B20-molecules-23-00534]\], the antioxidant activity of CE extract was investigated using *C. elegans* as a model organism. N2 (wild type) worms treated with CE exhibited an enhanced survival rate after juglone-induced oxidative stress in comparison with untreated worms. In agreement with this result we found lower level of cellular reactive oxygen species (ROS) in worms treated with the extract; correspondingly, the protein carbonyl content, which is a marker of ROS induced protein oxidation, was significantly lower in CE treated worms. In agreement with these findings, the expression of *hsp*-16.2, triggered by juglone exposure, was significantly attenuated after CE treatment. *Hsp*-16.2 is a small heat shock protein whose expression is induced in *C. elegans* when the worm is facing harsh environmental conditions, such as overheating and oxidative damage \[[@B21-molecules-23-00534],[@B22-molecules-23-00534]\], the low expression of *hsp*-16.2::GFP observed in CE treated worms supports the assumption that the extract is an effective antioxidant in vivo.

Phenolic rich plant extracts like those obtained from *Aspalathus linearis* (rooibos tea), *Camellia sinensis* (green tea), and *Paullinia cupana* (guarana) are known to extend lifespan in *C. elegans* \[[@B14-molecules-23-00534],[@B15-molecules-23-00534],[@B23-molecules-23-00534]\]. The lifespan extension promoted by those extracts are due to the capacity of their secondary metabolites to modulate molecular pathways directly involved in the control of aging and longevity, as well as their antioxidant properties in vivo \[[@B20-molecules-23-00534],[@B23-molecules-23-00534],[@B24-molecules-23-00534],[@B25-molecules-23-00534]\]. Similarly, the water extract from *C. spruceanum* was able to extend the lifespan of feminized *C. elegans* mutants (BA17) by 16%. This result appears to be correlated with the phenolic profile of *C. spruceanum* and its antioxidant capacity in vivo. Moreover, *C. spruceanum* lifespan extension was accompanied by attenuation of age-related muscle function decline, assessed through the pharynx pumping activity in early and late adulthood, which is an important aging marker \[[@B26-molecules-23-00534]\]. This result also indicates that the ability of the worms to feed on bacteria was not impaired by CE treatment and consequently the caloric intake was not affected. Furthermore, no antimicrobial effect of CE was seen against *E. coli* OP50; the data supports the assumption that the lifespan extension promoted by *C. spruceanum* extract is not due to induction of caloric restriction, since the feeding behavior and the food source availability was not impaired by the treatment.

Longevity and aging have been demonstrated to be under genetic control, but are sensitive to environmental stimuli and stochastic factors \[[@B27-molecules-23-00534],[@B28-molecules-23-00534],[@B29-molecules-23-00534]\]. Data available in literature show that polyphenols can modulate signaling pathways that are involved in the control of aging and longevity, attenuating aging-markers and extending lifespan. Resveratrol, a well-studied phenol from grapes and other plants, has been suggested to extend lifespan in *C. elegans* through the modulation of SIRT-1 \[[@B30-molecules-23-00534],[@B31-molecules-23-00534]\], although it was only possible to see lifespan extension from resveratrol in worms under stress condition \[[@B32-molecules-23-00534]\]. EGCG promotes lifespan extension and upregulation of *daf-16* and *skn-1* \[[@B33-molecules-23-00534]\]; the DAF-16 transcription factor, homologue of the mammalian FOXO is a key modulator of the stress resistance, longevity, and other important cellular functions \[[@B34-molecules-23-00534],[@B35-molecules-23-00534],[@B36-molecules-23-00534]\]. In the current study, when CE was tested in DAF-16 mutant worms no significant effect was observed in survival rate, ROS accumulation and lifespan, conversely to the results observed with N2 (wt) worms. These findings support the assertion that CE extract enhances stress resistance, extends lifespan and attenuates aging in a DAF-16/FOXO dependent manner.

Worms treated with CE did not show impairment in the development rate assessed through the measurement of the body length, but, regarding the fertility rate, we observed a significant difference in the brood size of treated worms. Noteworthy, mutations that affect DAF-2 or other components of the insulin signaling pathway (IIS) like AGE-1 also promoted lifespan extension, enhanced stress resistance and decrease in fertility rate. The main transcription factor transducing the signals from IIS is DAF-16/FOXO \[[@B37-molecules-23-00534]\]. Apparently, CE extract works through a similar mechanism, yet further studies are needed to unveil the pathway up stream of DAF-16/FOXO, which might be triggered by CE.

In summary, CE water extract exhibited impressive antioxidant activity in vivo and in vitro. The extract possibly works though DAF-16/FOXO molecular pathway to extend lifespan and enhance stress resistance, thus improving survival after induced oxidative stress, decreasing cellular ROS accumulation and expression of *hsp*-16.2. The lifespan extension elicited by CE is followed by attenuation of the age-related muscle function decline. Additional studies are needed to unveil the molecular mechanisms evoked by CE to perform its biological activities. Nonetheless, the presented work supports the indigenous-based anti-aging claims of *C. spruceanum*. The assessment of its safety profile for human consumption is strongly suggested.
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![Chemical profile of *Calycophyllum spruceanum* water extract. Seven major peaks were identified by MS/MS analyses.](molecules-23-00534-g001){#molecules-23-00534-f001}

![Survival of nematodes after juglone-induced oxidative stress. Survival rate of N2 worms was significantly enhanced in the groups treated with *C. spruceanum* extract (CE) (**a**). However, the survival rate of DAF-16 mutants CF1038 \[*daf*-16(mu86) I\]) (**b**) and GR1307 \[*daf*-16(mgDf50) I\] (**c**) was not different between the groups. Each bar represents the mean ± SEM from three independent assays. **\*\*\*** *p* \< 0.001, compared to the untreated control by one-way ANOVA followed by Bonferroni (post-hoc).](molecules-23-00534-g002){#molecules-23-00534-f002}

![Quantification of intracellular ROS in N2 worms using DCFDA. Worms treated with *C. spruceanum* extract (CE) showed lower levels of ROS compared to the control group. Data are presented as mean pixel intensity ± SEM (*n* = 40, replicated 3 times). \*\*\* *p* \< 0.001, compared to the untreated control by one-way ANOVA followed by Bonferroni (post-hoc).](molecules-23-00534-g003){#molecules-23-00534-f003}

![Quantification of the expression of stress response genes in mutant worms through fluorescence microscopy. Mutants CF1553 \[(pAD76)*sod*-3::GFP + rol-6\] treated with *C. spruceanum* extract (CE) exhibited no difference in sod-3::GFP expression when compared with the untreated control group (**a**). After 20 µM juglone exposure, mutants TJ375 \[*hsp*-16.2::GFP(gplsI)\] treated with CE exhibited lower expression of hsp-16::GFP compared with the untreated control (**b**). The results are presented as mean ± SEM from three independent assays. \*\*\* *p* \< 0.001, as compared to the untreated control by one-way ANOVA followed by Bonferroni (post-hoc).](molecules-23-00534-g004){#molecules-23-00534-f004}

###### 

Longevity of nematodes after treatment with *C. spruceanum* extract (CE). Worms (BA17) treated with CE 300 µg/mL lived significantly longer compared to control group (**a**). Worms CF1038 treated with CE or untreated exhibited the same lifespan (**b**). The results are presented as percentage of survival and the statistical significance determined by Log-rank (Mantel-Cox) tests followed by Gehan-Breslow-Wilcoxon Test. \*\*\* *p* \< 0.0001. as compared to the untreated control by one-way ANOVA followed by Bonferroni (post-hoc).

![](molecules-23-00534-g005a)

![](molecules-23-00534-g005b)

![Pharyngeal pumping rate after treatment with *C. spruceanum* extract (CE). The treatment of wild type worms with 300 μg/mL CE significantly attenuated the age-associated decline in the pharyngeal muscle function. Data are presented as mean ± SEM. \*\*\* *p* \< 0.001 related to the control by a two-way ANOVA.](molecules-23-00534-g006){#molecules-23-00534-f006}

![Brood size and body length of worms after treatment with *C. spruceanum* extract (CE). The treatment of N2 (wt) worms did not impair the body development (**a**), but significantly decreased the brood size of treated worms (**b**). Data are presented as mean ± SEM. \*\*\* *p* \< 0.0001 related to the control by two-way ANOVA.](molecules-23-00534-g007){#molecules-23-00534-f007}

molecules-23-00534-t001_Table 1

###### 

Antiradical activity of tested samples according to DPPH assay.

  Sample      IC~50~ \*
  ----------- -------------
  CE          3.00 ± 0.07
  EGCG        1.03 ± 0.06
  Vitamin C   ±0.04

\* µg/mL.

molecules-23-00534-t002_Table 2

###### 

Identification of secondary metabolites in *Calycophyllum spruceanum* water extract by LC MS/MS using ESI.

  Peak   R~t~    *m*/*z* \[M + H\]^+^   Fragment Ions                  Tentative of Identification               Chemical Structure
  ------ ------- ---------------------- ------------------------------ ----------------------------------------- ----------------------------------
  1      1.48    329                    311, 293, 275, 251, 209        unkown                                    \-
  2      5.21    405                    387, 355, 323, 193, 167        gardenoside                               ![](molecules-23-00534-i001.jpg)
  3      15.61   319                    301, 273, 259                  5-hydroxymorin                            ![](molecules-23-00534-i002.jpg)
  4      10.64   287                    269                            unknown                                   \-
  5      11.52   321                    285, 257, 247, 221             cyanidin                                  ![](molecules-23-00534-i003.jpg)
  6      11.78   305                    287, 259, 221, 191, 175, 163   taxifolin                                 ![](molecules-23-00534-i004.jpg)
  7      12.01   371                    259, 241, 147, 129             5-hydroxy-6-methoxycoumarin 7-glucoside   ![](molecules-23-00534-i005.jpg)
